(NO) plays a central role in regulating endothelial function homeostasis. Loss of NO bioavailability is a key feature of endothelial dysfunction preceding atherosclerosis (20) . NO production by endothelial nitric oxide synthase (eNOS) requires the enzymatic cofactor tetrahydrobiopterin (BH4). Deficiency of vascular BH4 leads to impaired endothelial function, whereas restoration of vascular BH4 bioavailability results in an attenuated endothelial dysfunction (19) . GTP cyclohydrolase 1 (GTPCH1) is the rate-limiting enzyme in the BH4 biosynthetic pathway regulating intracellular BH4 levels. Overexpression of GTPCH1 is sufficient to augment BH4 levels in cultured endothelial cells, whereas exposure of endothelial cells to GTPCH1 inhibitors or siRNA markedly reduces the levels of BH4 and NO (37) . Thus, the expression of GTPCH1 may play an important role in regulating NO-mediated endothelial function.
Improved understanding of the critical role of endothelium in the pathophysiology of vascular disease has led to the development of clinical tests for its functional evaluation. Coronary flow velocity reserve (CFVR), derived from the ratio of maximal hyperemia to basal coronary blood flow, is an important noninvasive indicator of coronary endothelial function and microcirculation (28) . Reduced CFVR is an early prognostic indicator of coronary atherosclerotic heart disease (28) . Our previous studies also demonstrated a positive association between CFVR and endothelial function in patients either with type 2 diabetes-associated coronary artery disease or with hyperhomocysteinemia (18, 27, 39) .
Glucagon-like peptide-1 (GLP-1)-based therapy (including GLP-1 analogs and dipeptidyl peptidase-4 inhibitors) has been approved recently as a new therapeutic option for patients with type 2 diabetes, owing to its ability to stimulate glucosedependent insulin secretion by pancreatic ␤-cells. In addition to its established glucose-lowering action, GLP-1 exerts a number of extrapancreatic effects, including improvement of cardiovascular function. Emerging evidence indicates that GLP-1 and its analogs have direct effects on vascular endothelium (6, 15, 22, 24, 29, 31) . Exenatide (a GLP-1 analog) treatment has been demonstrated to induce a significant improvement of brachial artery endothelial function as evaluated by flow-mediated dilation (FMD) in patients with type 2 diabetes (22) . Exendin-4 (a form of exenatide) reduced monocyte adhesion to the endothelium, suppressed atherosclerosis in apolipoprotein E-deficient mice (6, 15) , and promoted the proliferation of human coronary artery endothelial cells (6, 15) . Nevertheless, the precise protective mechanisms of GLP-1 or exenatide on endothelium have yet to be clearly established.
Therefore, in the present study, we investigated the therapeutic effect of exenatide in improving coronary endothelial function and reducing inflammatory potential in patients with newly diagnosed type 2 diabetes. Furthermore, we used the cultured primary human umbilical vein endothelial cells (HUVECs) to investigate the protective effects of exenatide on the endothelial function and elucidated the underlying signaling mechanisms.
MATERIALS AND METHODS

In Vivo Studies
Subjects. All participants were recruited from the Outpatient Clinic at the Department of Endocrinology and Metabolism of Peking University Third Hospital (Beijing, China). Subjects aged between 30 and 60 yr with newly diagnosed diabetes (without prior medical treatment) according to World Health Organization diabetes criteria in 1999 (2) and glycosylated hemoglobin A 1c (Hb A1c) Յ 10% (86 mmol/mol) were included. The exclusion criteria were diabetic retinopathy, nephropathy and related diseases, cardiovascular disease, heart failure, severe arrhythmia, bronchial asthma, chronic obstructive pulmonary disease, malignant disease, systemic inflammatory disease, infectious disease, inflammatory bowel disease, and taking lipidlowering or anti-hypertension drugs. The following individuals were also excluded: women who were breast-feeding or pregnant and individuals who were allergic to adenosine or receiving folic acid, vitamin, or nitrates that affected the accuracy of the CFVR determination used in the study. This study (ChiCTR-IPR-15006558) was approved by the Ethics Committee of Peking University Third Hospital. The purpose of the study and potential complications were explained to the participants, and written, informed consent was obtained.
Study design. Eligible participants were divided into receiving either lifestyle intervention, consisting of exercise and dietary components directed by health educators as recommended (4), or lifestyle intervention plus exenatide treatment according to the patient's intention. All subjects underwent 12 wk of treatment. Exenatide was administered initially by subcutaneous injection at 5 g twice daily.
Compliance with the prescribed therapy and possible treatmentrelated side effects were monitored at 1-mo follow up. After 4 wk, exenatide dosage was increased to 10 g twice/day and continued until the end of the study. Fasting blood samples were collected at baseline and at the 12th wk after treatment for clinical biochemistry analyses. The primary endpoint of this study was the improvement of coronary artery endothelial function, and secondary end points were the levels of inflammatory cytokines.
Laboratory measurements. After centrifugation at 3,500 rpm, 4°C for 10 min, the plasma or serum was collected and stored at Ϫ80°C until further use. The levels of fasting blood glucose, serum total cholesterol, triglycerides, low-density lipoprotein cholesterol (LDL-C), high-density lipoprotein cholesterol (HDL-C), and C-reactive protein were measured by standard procedures on an Olympus AU5400 automatic biochemical analyzer (Olympus, Tokyo, Japan). Hb A 1c measurements were performed using high-performance liquid chromatography (Tosoh, Tokyo, Japan). Enzyme-linked immunosorbent assay (ELISA) was used to measure soluble intercellular adhesion molecule-1 (sICAM-1; Invitrogen, Carlsbad, CA) and soluble vascular cell adhesion molecule-1 (sVCAM-1; R & D Systems, Minneapolis, MN).
Assessment of coronary endothelial function. Coronary artery endothelial function was assessed by measuring CFVR using transthoracic Doppler echocardiography. The peak coronary flow velocities in the distal left anterior descending coronary artery were recorded at rest and during hyperemia after intravenous infusion of adenosine (0.14 mg·kg Ϫ1 ·min Ϫ1 ) in all subjects. CFVR was calculated using the following formula: CFVR ϭ "peak coronary flow velocity during hyperemia" divided by "peak coronary flow velocity at rest". Two cardiologists did this assessment, and they were blinded from the treatment module.
In Vitro Studies
Cell culture and treatment. Human umbilical cord samples were collected from healthy donors. Written, informed consent was obtained from pregnant women before labor. The umbilical cord samples were collected and washed three times with phosphate-buffered saline (PBS). Endothelial cells were isolated by collagenase digestion and cultured in Medium 199 (Hyclone, Logan, UT) supplemented with 10% fetal bovine serum (FBS), as described previously (26) . The cells of five to six passages were used in all experiments, which were examined to ensure specific characteristics of endothelial cells by cytochemical staining. HUVECs were treated with different concentrations (0 -50 nmol/l) of exendin-4 (Sigma, St. Louis, MO), GLP-1 Measurement of intracellular NO. Intracellular NO levels were measured using a NO-sensitive fluorescence probe 3-amino, 4-aminomethyl-2=,7=-difluorescein, diacetate (DAF-FM DA; Beyotime Institute of Biotechnology, Shanghai, China) according to the manufacturer's protocols. Cells were incubated in 60-mm plates for 24 h under different treatment conditions. The cells were subsequently washed twice with PBS and incubated with 5 mol/l of DAF-FM DA in serum-deficient medium for 30 min at 37°C. At the end of the incubation, the cells were washed with PBS and gently trypsinized. Cell fluorescence was measured by a flow cytometer (BD Biosciences, San Jose, CA) at an emission wavelength of 515 nm and an excitation wavelength of 495 nm. Controls were set up as 100% of the intracellular NO level.
Measurement of intracellular reactive oxygen species. A reactive oxygen species (ROS) detection kit (Sigma) was used to determine intracellular oxidant production in the cells based on oxidation of ROS probe dye 2=,7=-dichlorofluorescin diacetate (DCF-DA; 20 mol/l) by intracellular ROS, resulting in formation of the fluorescent compound 2=,7=-dichlorofluorescin (DCF). DCF florescence was monitored with a confocal microscope (LSM 510 META; Carl Zeiss, Jena, Germany). Controls were set up as 100% of the intracellular ROS level.
cAMP determination. HUVECs were seeded at a density of 10 6 / dish and incubated overnight for attachment. The cells were incubated with exendin-4 at various concentrations (0 -50 nmol/l) for 15 min or with 20 nmol/l exendin-4 for various durations (0 -30 min). To determine the mechanism of cAMP production, HUVECs were stimulated for 15 min with exendin-4 (20 nmol/l) or forskolin (10 mol/l) with or without 30-min pretreatment of exendin (9 -39) (500 nmol/l) or SQ-22536 (100 mol/l). Cells were washed twice with ice-cold PBS, lysed in lysis buffer (300 l/3 ϫ 10 6 cells), and subjected to three freeze-thaw cycles. Intracellular cAMP levels were determined using a cAMP assessment kit (R & D Systems) according to the manufacturer's instructions.
Western blot. HUVECs were lysed using cell lysis buffer (Applygen Technologies, Beijing, China) containing protease inhibitor cocktail (Roche, Basel, Switzerland). The protein content was assayed by a BCA protein assay reagent (Thermo Fisher Scientific, Waltham, MA). Proteins of the cell lysate were separated by SDS-PAGE and transferred from the gel to a nitrocellulose membrane. After incubation in blocking solution (5% BSA in TBS-T; Sigma), membranes were incubated with primary antibodies (all at 1:1,000 dilutions) overnight at 4°C, followed by incubation with IRDye 800CW-conjugated goat anti-rabbit or anti-mouse IgG (1:10,000; LI-COR Biosciences, Lincoln, NE) according to primary antibodies. Protein bands were visualized by an Odyssey Infrared Imaging System (LI-COR Biosciences), and the intensity of each band was measured using the accompanying software. The following primary antibodies were used: anti-eNOS monoclonal antibody, anti-phospho-Ser 1177 eNOS antibody (BD Biosciences), anti-AMPK antibody, anti-phospho-Thr 172 AMPK antibody, anti-Akt antibody, anti-phospho-Ser 473 Akt antibody (all from Cell Signaling Technology), anti-GTPCH1 antibody (Abnova, Taibei, China; or Abcam, Cambridge, UK), and anti-GAPDH antibody (ComWin Biotech, Beijing, China).
Statistical Analysis
Categorical data (sex difference, hypertension, hyperlipidaemia, smoking, and drinking) were analyzed by 2 test. Plasma levels of C-reactive protein and homocysteine did not follow a normal distribution and were expressed as medians and interquartile ranges and were assessed by nonparametric tests (Mann Whitney U-test). Other continuous variables were normally distributed, and their values were expressed as means Ϯ SD. Intragroup differences were evaluated using the paired-samples t-test. The independent-samples t-test was used to compare the mean values of parameters between two groups. Association of CFVR with the anthropometric and biochemical parameters was examined by multivariate linear regression analysis. For the in vitro studies, all experiments were performed four times with each group in triplicate. Data were presented as means Ϯ SE. Data of multiple groups were compared by one-way ANOVA followed by the post hoc Tukey-Kramer test. P Ͻ 0.05 (2-tailed) was considered statistically significant. All analyses were performed using SPSS 16.0J for Windows (SPSS Japan, Tokyo, Japan).
RESULTS
Clinical Characteristics and Metabolic Parameters at Baseline and at the 12th Week After Treatment in Patients with Type 2 Diabetes
During the period of July 2011 to June 2012, a total of 36 potentially eligible participants were registered and assigned, with 17 subjects in the control group and 19 in exenatide group. In the control group, 3 subjects (17.65%) had poor compliance, one (5.88%) chose to withdraw, and 13 (76.47%) completed the treatment and measurement. In the exenatide group, one subject (5.26%) withdrew consent, and 18 (94.74%) completed the treatment and measurement. The clinical characteristics and metabolic parameters at baseline and posttreatment are summarized in Table 1 . The body weight, body mass index, and waist circumferences were significantly higher, and HDL-C was significantly lower in the exenatide group than in the control group at baseline. The subjects were likely younger, and there seemed to be a higher proportion of hyperlipidemia and a lower proportion of smoking in the exenatide group, although there was no statistical significance. After 12 wk of exenatide treatment, glycemic levels (as determined by Hb A 1c and fasting blood glucose) were significantly improved (P Ͻ 0.05) compared with the baseline levels in both groups. Compared with the baseline levels, serum total cholesterol, triglycerides, and LDL-C levels at the end of the 12-wk exenatide 
Effects of Exenatide Treatment on Coronary Endothelial Function in Patients With Type 2 Diabetes
After 12 wk of exenatide treatment, CFVR was significantly improved in the exenatide group compared with the baseline (from 2.89 Ϯ 0.60 to 3.36 Ϯ 0.58, P Ͻ 0.05) and the control group (3.36 Ϯ 0.58 vs. 3.03 Ϯ 0.45, P Ͻ 0.05). An increased CFVR level, although not statistically significant, was also apparent in the control group (Fig. 1A) . Conversely, the serum level of vascular adhesion molecule sICAM-1 was significantly reduced after 12 wk of exenatide treatment compared with that of the baseline (from 287.0 Ϯ 44.6 to 229.7 Ϯ 45.5 ng/ml, P ϭ 0.0002). Concurrently, a significantly reduced sVCAM-1 level was also observed (from 491.4 Ϯ 163.4 to 438.6 Ϯ 149.0 ng/ml, P ϭ 0.0047) at the end of the 12-wk exenatide treatment. However, the levels of sICAM-1 and sVCAM-1 did not change much before or after treatment in the control group (Fig. 1, B and C) .
Association of CFVR with the Anthropometric and Biochemical Parameters
We next investigated the relationship between CFVR and various other parameters. Although CFVR did not show any correlation with all the parameters in whole subjects (data not shown), it was negatively correlated with Hb A 1c and positively with HDL-C in the exenatide group (Fig. 2 and Table 2 ). We also performed multiple stepwise regression analysis to determine the variables that were independently associated with CFVR. The results showed that Hb A 1c and HDL-C were the factors independently related to CFVR ( Table 2 ). The multiple regression equation was: Y CFVR ϭ 2.986 ϩ 1.341X HDL-C Ϫ 0.169X HbA 1c . However, these two factors accounted for only the partial effects on CFVR (r 2 ϭ 0.288, P ϭ 0.037), indicating that other factors may also function on CFVR.
Exendin-4 Increases NO Production and Upregulates GTPCH1 Level and eNOS Phosphorylation in HUVECs
Incubation of HUVECs with 1-50 nmol/l exendin-4 (a form of exenatide) for 24 h induced a dose-dependent increase in NO production of Յ20 nmol/l exendin-4 (Fig. 3A) . Similarly, incubation with exendin-4 (1-20 nmol/l) for 15 min induced the phosphorylation of eNOS in a dose-dependent manner. The activation of eNOS could be observed as early as 10 min after the administration of exendin-4 (at 20 nmol/l) and reached its maximum at 15 min. Additionally, the total eNOS level was stable at the time points of interest (Fig. 3, B and C) . Exendin-4 administered at doses ranging from 1 to 20 nmol/Ll for 24 h significantly increased the level of GTPCH1 (Fig. 3D) . The time course of exendin-4-induced upregulation of GTPCH1 was also examined over a range of 6 to 48 h. Exendin-4 enhanced GTPCH1 levels starting from 6 h and reaching a peak at 24 h (Fig. 3E) .
Exendin-4 Increases NO production, GTPCH1 Level, and eNOS Activation Through GLP-1R/cAMP Signaling Pathways
In our study, GLP-1R mRNA and protein were detected in HUVECs (data not shown). It has been shown that GLP-1R and its downstream signaling are known as the mediators in most of the GLP-1 actions. Therefore, we determined whether GLP-1R was involved in the exendin-4-mediated endothelial Intragroup differences were evaluated using the paired-samples t-test. The independent-samples t-test was used to compare the mean values of parameters between two groups. *P Ͻ 0.05 and **P Ͻ 0.01 compared with baseline.
protective effects. As mentioned above, exendin-4 increased NO production, upregulated GTPCH1 level, and promoted eNOS activation in HUVECs (Fig. 3) . GLP-1R antagonist exendin (9 -39) (200 nmol/l) or GLP-1R siRNA blocked the effects of exendin-4 (Fig. 4, A-F) , suggesting that the above effects of exendin-4 were GLP-1R dependent. To further determine the function of GLP-1R in the protective effects of exendin-4 in HUVECs, we detected the effects of GLP-1 (7-36) amide, an active form of GLP-1 with high affinity for GLP-1R, and GLP-1 (9 -36) amide, an NH 2 -terminal truncated metabolite of the active GLP-1 formed by dipeptidyl peptidase-4 cleavage. Results showed that GLP-1 (7-36) amide displayed similar influences as exendin-4, demonstrated by upregulation of NO production, increment of GTPCH1 level, and activation of eNOS, whereas GLP-1 (9 -36) amide had no such effects (Fig. 4, A-C) . All of these results suggested that GLP-1R had an important role in the endothelial protective effects of exendin-4.
To confirm that GLP-1R in the endothelial cells was functional, we assessed cAMP production after exendin-4 stimulation. Results showed that incubation of HUVECs with 1-50 nmol/l exendin-4 for 15 min induced a dose-dependent increase of intracellular cAMP concentrations of Յ20 nmol/l exendin-4 (Fig. 4G) . Besides, 20 nmol/l exendin-4 could upregulate cAMP levels and reached its maximum as early as 5 min after administration (Fig. 4H) . Not surprisingly, the GLP-1R antagonist exendin (9 -39) (200 nmol/l) or adenylyl cyclase inhibitor SQ-22536 (100 mol/l) attenuated the effect of exendin-4 (20 nmol/l) on the upregulation of cAMP levels, and the adenylyl cyclase activator forskolin (10 mol/l) increased cAMP levels significantly (Fig. 4I) . Notably, the adenylyl cyclase inhibitor SQ-22536 (100 mol/l) blocked the effect of exendin-4 on the upregulation of NO production, increment of GTPCH1 level, and activation of eNOS (Fig. 4 , J-L), whereas the adenylyl cyclase activator forskolin (10 mol/l) showed similar effects with exendin-4, suggesting that the above effects of exendin-4 were cAMP signaling dependent.
Exendin-4 Induces GTPCH1 Upregulation and eNOS Activation in HUVECs Via AMPK and PI3K/Akt Pathways
As shown in Fig. 5, A and B, exendin-4 induced AMPK and Akt phosphorylation in a time-dependent manner. However, exendin-4 did not result in significant changes in total Akt or AMPK level at the time points of interest. Since exendin-4 induced phosphorylation of AMPK and Akt, we investigated the roles of these kinases in the exendin-4-induced activation of eNOS using the specific AMPK inhibitor compound C or the PI3K inhibitor LY-294002. As shown in Fig. 5C , exendin-4 stimulated phosphorylation of eNOS, which was blocked by compound C (10 mol/) or LY-294002 (10 mol/l), indicating a requirement of these kinases in the exendin-4-induced eNOS activation. Consistent with the above results, the level of GTPCH1 was dramatically decreased after exposure to compound C or LY-294002 compared with administration of exendin-4 alone. (Fig. 5D ).
Exendin-4 Protects Against Homocysteine-Induced Endothelial Dysfunction in HUVECs
In our previous study, CFVR was significantly lower in patients with hyperhomocysteinemia, and plasma homocysteine levels were negatively correlated with CFVR, indicating that homocysteine might impair coronary artery endothelial function (18) . Therefore, in this study, we used homocysteine to induce endothelial dysfunction in HUVECs and investigated whether the protective effect of exendin-4 on endothelial function was also found in the in vitro injury model. As expected, homocysteine induced endothelial dysfunction, including increased intracellular ROS generation, decreased NO production, and modestly reduced phosphorylation of eNOS (Fig. 6,  A-D) . Moreover, homocysteine also increased the sICAM-1 levels of the cell supernatant (Fig. 6E) . Exendin-4 could reverse the homocysteine-induced endothelial dysfunction CFVR, coronary flow velocity reserve; sICAM-1, soluble intercellular adhesion molecule-1; sVACM-1, soluble vascular cell adhesion molecule-1. In multiple linear stepwise regression analysis, variables included for analysis were waist circumference, systolic blood pressure, total cholesterol, triglycerides, HDL-C, LDL-C, Hb A1c, sICAM-1, and sVCAM-1. (Fig. 6, A-E) . Furthermore, the GLP-R antagonist exendin (9 -39) was able to diminish the protective effects of exendin-4 on the endothelial dysfunction (Fig. 6, A-E) , suggesting that the protective effects of exendin-4 in the homocysteine-induced endothelial injury model were also GLP-1R dependent.
DISCUSSION
Our clinical study demonstrated that exenatide improved coronary artery endothelial function reflected by increased CFVR and reduced inflammatory markers of sICAM-1 and sVCAM-1 in newly diagnosed patients with type 2 diabetes. In our in vitro study, exendin-4 (a form of exenatide) increased NO production, eNOS phosphorylation, and GTPCH1 level in the cultured HUVECs. Addition of the GLP-1R antagonist exendin (9 -39) or GLP-1R siRNA, adenylyl cyclase inhibitor SQ-22536, AMPK inhibitor compound C, and PI3K inhibitor LY-294002 to the culture cells completely diminished the effects of exendin-4 on NO production, eNOS phosphorylation, and GTPCH1 level, respectively. These results indicate that exenatide treatment improves coronary endothelial function in patients with type 2 diabetes. This effect may be mediated primarily through activation of the AMPK and PI3K/ Akt pathways and subsequent upregulation of GTPCH1 level and improvement of eNOS coupling in a GLP-1R/cAMPdependent manner.
FMD is designated as an indicator for the assessment of endothelial function in different clinical study populations (31) . Although FMD is recognized as an independent predictor for future cardiovascular events, it has potential technical variations. CFVR assessed by transthoracic Doppler echocardiography is an effective method to evaluate coronary endothelial function (21) . Our previous studies demonstrated a positive association between CFVR and endothelial function in patients either with type 2 diabetes-associated coronary artery disease or with hyperhomocysteinemia (18, 27, 39) . CFVR could be upregulated by some hypoglycemic and lipid-lowing drugs such as the peroxisome proliferator-activated receptor (PPAR)-␥ agonist rosiglitazone and the PPAR␣ agonist fenofibrate (35, 40) . In this study, we found that after 12 wk of exenatide treatment, endothelial function of the coronary ar- teries was significantly improved compared with the baseline levels. To our knowledge, this is the first study to investigate the effects of GLP-1-based therapy on coronary endothelial function determined by CFVR. Since obesity, high blood glucose, and dyslipidemia are often associated with type 2 diabetes, improved glycemic control and lipid profiles often result in prevention of cardiovascular diseases, which is usually achieved by an increased endothelial function. In the present study, we found that after 12 wk of exenatide treatment, total cholesterol, triglycerides, LDL-C, fasting blood glucose, and Hb A 1c levels were significantly reduced in the exenatide group. In addition, after exenatide treatment, a decline in body weight, body mass index, or waist circumference, although not statistically significant, was consistent with previous exenatide trials demonstrating significant weight loss (9, 32) . Furthermore, we also found that CFVR was negatively correlated with Hb A 1c and positively with HDL-C, indicating that improved glycemic control and lipid profiles might participate in the improvement of CFVR due to exenatide treatment. Nevertheless, although improved glycemic control and lipid profiles also occurred in the control group, CFVR was unchanged after 12 wk of treatment, suggesting that other factors may contribute to the improvement of CFVR in the exenatide group.
GLP-1 has been shown to have direct beneficial effect on vascular endothelium in several human studies. GLP-1 infusion enhanced the endothelial vasodilation in healthy subjects (8) and significantly increased brachial artery flow and its diameter without affecting serum glucose in type 2 diabetic patients with stable coronary disease (30) . Unlike metformin, exenatide treatment for 16 wk induced a significant improvement in brachial artery endothelial function in the type 2 diabetic patients without an adequate glycemic control (22) . These studies differ from our present study in that they measured brachial artery endothelial function instead of coronary artery endothelial function.
Expression of adhesion molecules in endothelial cells plays a critical role in the pathogenesis of atherosclerosis. Endothelial function may be assessed by measuring plasma levels of endothelial products such as soluble adhesion molecules. It has been shown that vascular adhesion molecules, including sI-CAM-1 and sVCAM-1, are elevated in patients with diabetes (33) . GLP-1 and its analogs downregulate adhesion molecules and nuclear factor-B or activator protein-1 signaling, which are the major redox-sensitive transcriptional pathways responsible for proinflammatory cytokine expression in human vascular endothelial cells and in animal models and diabetic patients (12, 16, 24, 25) . In this study, we showed that treatment with exenatide for 12 wk suppressed systemic inflammation in patients with type 2 diabetes by reducing circulating levels of sICAM-1 and sVCAM-1. These findings suggest that exenatide treatment in patients with type 2 diabetes may confer antiatherogenic effects.
There are some limitations in the clinical study. First, our study is an open-labeled paralleled study rather than a doubleblinded randomised controlled trial. The baseline demographic and clinical characteristics between two groups did not match well. Second, sample size is relatively small so that our study may be not powerful enough to account for potentially confounding factors in our analysis. Nevertheless, even based on the data in any large-scale randomized controlled trial, we are still unable to make the conclusion that exenatide has direct effects on endothelial cells, owing to the complicated regulation in vivo. Therefore, we performed the in vitro experiment to investigate the direct protective effect of exenatide in the cultured primary HUVECs and elucidated the underlying molecular and signaling mechanisms.
Endothelium-derived NO is a potent vasodilator and possesses various vasoprotective effects. Ample evidence indicates that NO-dependent vasodilation is impaired in the coronary arteries and contributes to vascular resistance in patients with diabetes (17, 20) . Several studies have shown that GLP-1 and its analogs have beneficial effects on vascular endothelium via increased eNOS phosphorylation and NO production (15, 41) . In our in vitro experiment, we showed that exendin-4 significantly enhanced the phosphorylation of eNOS and increased the NO production in cultured primary HUVECs, which are consistent with previous reports (15, 41) .
The expression of GTPCH1, which is the rate-limiting enzyme in BH4 synthesis, may play an important role in regulating NO-mediated endothelial function (10, 37) . A reduced expression or activity of GTPCH1 has been shown in the coronary endothelial cells of diabetic rats and the aortas of insulin-resistant rats, resulting in diminished BH4 levels (11) . Gene transfer of GTPCH1 increased BH4 levels and eNOS activity in the human aortic endothelial cells incubated with high glucose and in diabetic mice (3) . It has been reported that atorvastatin improves vascular BH4 bioavailability by upregulating GTPCH1 gene expression and activity, resulting in an improved endothelial function in patients with coronary artery disease (5) . Another study suggested that metformin improved endothelial function by suppressing 26s proteasome-mediated GTPCH1 degradation to increase the level of BH4 (36) . Furthermore, we reported previously that PPAR␣ agonist fenofibrate upregulated BH4 level by increasing the expression of GTPCH1 in HUVECs (26) . Our results suggested that exendin-4 increased the level of GTPCH1 in a dose-and timedependent manner and thus might lead to improvement of the downstream cascades, such as the upregulation of BH4 level, the coupling of eNOS, and increment of NO production. These findings provide new insights into the mechanisms underlying the coronary artery benefit of exenatide in patients with type 2 diabetes. Nevertheless, in our study, exendin-4 promoted eNOS phosphorylation as soon as in 10 -15 min and lasted at least 24 h, whereas the upregulation of GTPCH1 level required 12-24 h. This suggests that activation of eNOS is not dependent only on GTPCH1-derived BH4. Exendin-4 may also have direct effects on eNOS activation.
Although GLP-1 has direct beneficial effects on myocardial and endothelial cells mediated via GLP-1R-independent pathways (1, 7), most actions of GLP-1 are mediated via the GLP-1R/cAMP pathway (14 -16, 23, 31) . Our data showed that exendin-4 increased intracellular cAMP level in a doseand time-dependent manner, indicating that GLP-1R in HUVECs was functional upon exendin-4 stimulation. Similarly to exendin-4, GLP-1 (7-36) amide, an active form of GLP-1, upregulated intracellular NO levels, eNOS phosphorylation, and GTPCH level. However, GLP-1 (9 -39) amide, a metabolite of the active GLP-1, had no obvious protective effects on HUVECs. Moreover, the GLP-1R antagonist exendin (9 -39) or GLP-1 siRNA and the adenylyl cyclase inhibitor SQ-22536 reversed the above protective effects of exendin-4. These results suggest that the effect of exendin-4 is GLP-1R/cAMP dependent.
Several lines of evidence support the involvement of AMPK and Akt in mediating the beneficial effects of GLP-1 and its analogs on vascular function and eNOS phosphorylation (15, 24, 38) . It has been demonstrated that incubation of bovine aortic endothelial cells with GLP-1 increases Akt phosphorylation and subsequently stimulates eNOS phosphorylation (13) . Another study showed that exendin-4 stimulated proliferation of human coronary artery endothelial cells via activation of the PI3K/Akt pathway (15) . In addition, it has been reported that liraglutide, another GLP-1 analog, exerts anti-inflammatory effect on endothelial cells and improves cardiac function via AMPK pathway (24) . Our results demonstrated that exendin-4 could activate AMPK and Akt phosphorylation. The AMPK inhibitor compound C and PI3K inhibitor LY-294002 blocked the effects of exendin-4 on eNOS activation and GTPCH1 upregulation. These results suggest that both AMPK and PI3K/ Akt pathways might be involved in the exendin-4-mediated endothelial function improvement.
In our previous study, decreased plasma levels of NO and BH4 and impaired coronary artery endothelial function were found in patients with hyperhomocysteinemia (18) . Moreover, homocysteine has been shown to induce eNOS uncoupling through reduction of BH4 in cultured HUVECs (34) . Therefore, in this study, homocysteine was used to induce endothelial dysfunction in HUVECs. We demonstrated that exendin-4 decreased supernatant sICAM-1 concentration and intracellular ROS level and increased intracellular NO production and eNOS phosphorylation in the homocysteine-induced endothelial injury model in a GLP-1R-dependent mechanism, similar to that found in the uninjured endothelial cells.
In conclusion, our study shows that the GLP-1 analog exenatide, currently in clinical use against type 2 diabetes, significantly improves coronary artery endothelial function (as indicated by CFVR) in patients with newly diagnosed type 2 diabetes. The improvement effect may be mediated through activation of the AMPK/PI3K-Akt/eNOS pathway via a GLP-1R/cAMP-dependent mechanism. The study may prove beneficial in GLP-1-based treatment of type 2 diabetic patients, in whom endothelial dysfunction and coronary artery disease adversely affect their survival, and provide insight into a new molecular mechanism underlying the therapeutic effect of GLP-1 agents in the cardiovascular disease.
